In order to examine potential differences in genomic stability, we have challenged fibroblasts derived from five different mammalian species of variable longevity with the genotoxic agents, etoposide and neocarzinostatin. We report that cells from longer-lived species exhibit more tumor protein p53 binding protein 1 (53BP1) foci for a given degree of DNA damage relative to shorter-lived species. The presence of a greater number of 53BP1 foci was associated with decreased DNA fragmentation and a lower percentage of cells exhibiting micronuclei. These data suggest that cells from longer-lived species have an enhanced DNA damage response. We propose that the number of 53BP1 foci that form in response to damage reflects the intrinsic capacity of cells to detect and respond to DNA harms.
Introduction
Double-strand breaks (DSBs) are the most harmful DNA lesions a cell can encounter. In mammals, nonhomologous end-joining is the cellular mechanism responsible for repairing the majority of DSBs (1) . This is because nonhomologous end-joining is much faster than homologous recombination (2) , and it is active throughout the cell cycle, whereas homologous recombination is typically active only during the S and G 2 phases (3). Moreover, the majority of cells in the adult body are in G 0 . At the sites of DSBs, nuclear foci of phosphorylated histone H2AX (γ-H2AX) and tumor protein p53 binding protein 1 (53BP1) can be detected by immunofluorescence and are widely used as DNA damage markers because their abundance has been reported to correlate very closely with the degree of genotoxic insult (reviewed in ref. (4) ). 53BP1 accumulates in DNA damage foci after the occurrence of DSBs in order to facilitate nonhomologous end-joining repair (5) . Previous works had shown that 53BP1 is involved in activation of the DNA damage response during the G 1 , S, and G 2 phases of the cell cycle (6) (7) (8) .
We have previously observed an unexpected difference in the formation of DNA damage foci between human and mouse cells following exposure to the same concentration of neocarzinostatin (NCS). Despite similar exposure to the DNA-damaging agent, human cells exhibited a significantly greater number of 53BP1 foci compared with mouse cells. The greater abundance of foci in human cells correlated inversely with the appearance of micronuclei, which represent the presence of severe genomic damage (9) . We have also reported an impressive correlation between mammalian longevity and the capacity of nuclear proteins to bind DNA ends, which appears to be largely dependent on increased expression of the evolutionarily highly conserved heterodimer Ku80/Ku70 (10) . The DNA end-binding assay represents the accumulation of proteins required for the initial DNA damage recognition, a necessary step before a cell can proceed with repair, cell cycle arrest, or apoptosis. These data persuaded us to conduct a deeper investigation into the relationship between the appearance of markers of DNA damage and mammalian longevity.
To this end, we have compared fibroblast cells from mouse (maximum life span, 4 years; weight, 20.5 g), cow (maximum life span, 20 years; weight, 750 kg), dog (maximum life span, 24 years; weight, 40.0 kg), little brown bat (maximum life span, 34 years; weight, 10.0 g), and human (maximum life span, 122 years; weight, 62.0 kg) in their response to the genotoxic insult caused by etoposide (ETO) and NCS. ETO is a poison that binds reversibly to topoisomerase IIα/β to block religation of cleaved DNA strands, causing DSBs (11) , whereas NCS is a macromolecular chromoprotein antibiotic that causes single-strand breaks and DSBs (12) . Our experimental approach was based on the assumption that the biological mechanisms that facilitate longevity are cell autonomous and thus will be reflected in fundamental cellular processes. Consequently, these mechanisms can be studied in cell culture away from the complexity of the whole organism. For example, using a cell culture approach, Dostál and colleagues have demonstrated that long-lived rodent species are more efficient in excluding cadmium that is known for disturbing DNA base excision and mismatch repair (13) .
With the present work, we propose that quantitative species-specific differences in 53BP1 foci formation, observed following exposure to genotoxic agents, correlate with differences in life span and adult body mass, suggesting a new interpretation of nuclear foci as markers of a species' ability to detect and mitigate DNA damage to ensure genomic stability.
Material and Methods

Cell Culture
All fibroblast strains and lines used are described in Supplementary  Table 1 . Fibroblast strains from mouse, little brown bat, dog, and cow were established as previously described (14) . Adult human fibroblasts were obtained from Claudio Franceschi (DIMES, University of Bologna, Italy).
Cells were maintained in minimum essential medium with Earle's salts and l-glutamine containing 10% fetal bovine serum, minimum essential medium vitamins and amino acids, and penicillin-streptomycin (all from Sigma-Aldrich, St Louis, MO). Fibroblasts were passaged weekly, and cumulative population doubling was determined as previously described (15) . With the exception of the immortalized 3T3 mouse line and little brown bat strains that had undergone spontaneous immortalization, lines displayed replicative senescence and were used for all experiments at approximately half way through their replicative life span.
Genotoxic Treatment
Cells were treated with ETO and NCS (both from Sigma-Aldrich). The majority of the experiments were performed on S-phase synchronized cells, and when unsynchronized cells were used, this is specified in the text. S phase was chosen as the most appropriate time for exposure to genotoxic stress because a previous study determined that differences in susceptibly to genotoxic damage between human and mouse cells were most apparent in S-G 2 (9) . In addition, topoisomerase II inhibitors are most effective during DNA replication (16) . Cultures were initially arrested in G 0 by serum starvation for 48 hours in serum-free medium. Cells were then stimulated to enter the cell cycle by the addition of fresh complete medium with 10% fetal bovine serum (FBS). For each species, the time following fetal bovine serum stimulation required for entry into S phase was defined by cell cycle analysis (data not shown). Mouse and bat cells were stimulated in complete medium with 10% fetal bovine serum for 16 hours, and dog, cow, and human for 18 hours. Once synchronized, cells were treated in complete serum-free medium to avoid the potential for interference of serum on drug bioavailability. Unsynchronized cells were used only on initial dose-response experiments ( Supplementary Figures 1 and 2 ). Doses ranging from 5 to 100 µM of ETO and 0.13 to 1.35 µM of NCS were used.
Immunofluorescence Determination of 53BP1, γ-H2AX, and Promyelocytic Leukemia Protein Foci
Fibroblasts were seeded onto glass coverslips and treated with ETO or NCS at varying concentrations for 6 or 2 hours, respectively. Cells were fixed at the indicated times after the beginning of damage in 4% paraformaldehyde for 10 minutes and permeabilized in 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 5 minutes. Cells were washed once in PBS and blocked for 30 minutes in 4% bovine serum albumin (BSA) in PBS containing Tween-20 (PBST), after which they were incubated with primary antibody (53BP1, NB 100-304 or NB 100-305, Novus Biologicals, Littleton, CO; γH2AX, 05-636, clone JBW301, Merck Millipore, Billerica, MA; PML Antibody [PG-M3]: sc-966, Santa Cruz, Dallas, TX) in 1% BSA-PBST buffer for 1 hour at room temperature in a humidified chamber. Anti-53BP1 antibody (NB 100-304) binds, in tested species, epitopes with homologies that range between 90% and 92% compared to the human epitope. Anti-γ-H2AX antibody, used for human and mouse, binds an epitope with a homology of 90% between these two species. Slides were washed three times in PBST and incubated with AlexaFlour555-conjugated goat antirabbit and AlexaFluor488-conjugated goat anti-mouse secondary antibody (respectively, #4413S and #4408S; Cell Signaling, Danvers, MA) in 1% BSA-PBST for 1 hour. Cells were washed three times, stained with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI, SigmaAldrich), and mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) before analysis. Images were captured using an Olympus BX61 fluorescence microscope (Tokyo, Japan) equipped with a Hamamatsu ORCA-ER camera (Hamamatsu City, Japan) or an Olympus IX50 equipped with a Diagnostic Instruments 9.0 Monochrome-6 camera (Sterling Heights, MI). Clearly identifiable 53BP1 or γ-H2AX foci inside the nucleus were counted as positive foci. Nuclei were scored as containing: 53BP1 foci (F) < 5; 5 ≤ F < 20; F ≥ 20. Nuclei with fewer than five foci were considered foci negative because this number of foci was common in untreated cells. Overlapping and/ or contiguous 53BP1 and promyelocytic leukemia protein (PML) foci were scored in colocalization experiments.
Micronuclei Assay
Cells synchronized in S phase as previously described were treated with ETO or NCS at varying concentrations for 6 or 2 hours, respectively. At the times indicated in each figures, cells were fixed in 4% paraformaldehyde for 10 minutes and permeabilized in 0.2% Triton X-100 in PBS for 1 minute. Fixed cells were stained with DAPI and washed with PBS. Cells were mounted with Vectashield and scored using fluorescence microscopy as above. Micronuclei, defined as DAPI-positive bodies that were morphologically identical but smaller than the nucleus, were scored according to Thomas and Fenech (17) . Cells were considered micronucleus positive if they contained, at least, one micronucleus.
DNA Synthesis Assessment
Fibroblasts were seeded onto glass coverslips, synchronized as described above, and treated with 5 μM ETO for 6 hours. About 10 μM 5-bromo-2′-deoxyuridine (BrdU) pulse, with different lapse of time, was performed to assess DNA synthesis. Cells were fixed at the desired time point, as previously described, and were treated with 1 M HCl for 45 minutes at room temperature. HCl was then neutralized with borate buffer, and cells were washed once in PBS and blocked for 30 minutes in 4% BSA in PBST. Cells were incubated with an anti-BrdU antibody (clone BU20A; eBioscience, San Diego, CA) in 1% BSA-PBST buffer for 2 hours at 37°C in a humidified chamber. Slides were then washed three times in PBST and incubated in AlexaFluor488-conjugated goat anti-mouse secondary antibody in 1% BSA-PBST for 1 hour to label BrdU incorporation.
Comet Assay
The microgel electrophoretic technique was performed utilizing the neutral lysis method that detects DSBs (18) . From a population of synchronized cells, a single-cell suspension was prepared by trypsin disaggregation. Disaggregated cells were counted and treated with 50 µM ETO and 1.35 μM NCS, respectively, for 60 and 30 minutes, at room temperature and were then resuspended in 1% lowmelting agarose. The low-melting cellular suspension was seeded onto slides, and cells were lysed by placing the slides in a humid chamber at 37°C with 2% sodium dodecyl sulfate (SDS), 0.05 M ethylenediaminetetraacetic acid (EDTA), and 0.5 mg/mL proteinase K for at least 18 hours. Lysis was performed under neutral conditions to detect DSBs. After lysis, slides were washed two times in 0.5× Tris/Borate/EDTA (TBE) buffer. Electrophoresis was carried out at 30 V/cm for 15 minutes in 0.5× TBE buffer. For visualization of DNA damage, slides were stained with DAPI and observed using fluorescence microscopy as described above. Cells with DNA damage appeared as comets. One hundred comets were scored for each species and each time point, and analyzed with Open Comet (19) image analysis software. Individual comet images were scored for several features including tail length and percentage DNA in tail.
Cellular Viability Assay
Fibroblast viability was evaluated in terms of mitochondrial activity, by conversion of the dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to insoluble formazan (20) . Cells were seeded in 96-well plates and treated with 5 and 50 μM of ETO and 0.13 and 1.35 μM of NCS for 6 and 2 hours, respectively. At the times indicated (24, 48 , and 72 hours), cells were washed with PBS and incubated in MTT (5 mg/mL) in PBS for 2 hours. After removal of MTT, formazan crystals were dissolved with dimethyl sulfoxide (DMSO; all from Sigma-Aldrich) and the amount of formazan was measured at λ = 570 nm (ref. λ = 690 nm) with a spectrophotometer (Victor 2 Multilabel Counter, PerkinElmer, Waltham, MA). All experiments were repeated at least two times, with each comprising an evaluation of five wells per treatment. Mitochondrial activity in treated cells was calculated as a percentage relative to control cells according to the formula: (absorbance of treated fibroblasts/absorbance of untreated fibroblasts) × 100.
Statistical Analysis
All statistical analyses were performed using Graphpad Software (La Jolla, CA). Maximum human longevity is 122 years. In the figure captions and in the correlation analysis, it is adjusted to 90 years to account for the fact that, for the others species, only small cohorts were used to determine maximum life span, and 90 years seem a more realistic estimate for a random sample of humans.
Results
Dose-Response Experiments in 53BP1 Foci Formation
In preliminary experiments, increasing doses of genotoxics were used to determine time and concentrations that would yield a not-maximized 53BP1 foci response. Supplementary Figure 1 reports data from one experiment on human cells exposed to increasing concentration of NCS for 2 hours. Already at a concentration of 0.22 µM NCS, the 53BP1 foci response is maximized (ie, the vast majority of nuclei have more than 20 53BP1 foci each; Supplementary Figure 1C) . At the highest concentration used of NCS (1.35 μM), while the response of the most responsive species (human) was totally maximized, the response of mouse cells were still intermediate (see Supplementary  Figure 2 ). Similar dose-response experiments were performed for ETO (see Supplementary Figure 8A ) that is a less potent genotoxic than NCS (see comet assay result in Figure 3 ). The majority of the experiments, in the present work, were carried out using the lowest concentration capable of elicit a significant response.
53BP1 Foci Formation Across Species
For the majority of the experiments presented here, cells were exposed to either 5 µM ETO or 0.13 µM NCS during S phase and were monitored at specific time intervals, up to 3 days after the beginning of damage. Figure 1A presents data from cells treated with 5 µM ETO. Time-course analysis after 5 µM ETO treatment revealed a peak in 53BP1 foci formation between 2 and 10 hours in all species ( Figure 1C ), followed by a gradual decline in the percentage of foci-positive nuclei. Interestingly, longer-lived species showed a higher percentage of nuclei with 53BP1 foci. Human cells, derived from the longest-lived species, exhibited the highest percentage of foci when compared to all other species, with statistical significance observed consistently at 2 and 24 hours from the beginning of damage. Moreover, human cells seemed to retain a higher number of foci over time. Because we previously observed that 24 hours was required for visible foci to form in cells treated with 1.5 µg/mL of NCS (0.13 µM) (9), we scored foci from 24 to 72 hours after the beginning of damage with this agent. Similar to results with 5 µM ETO treatment, longer-lived species exhibited a higher percentage of cells with more than five foci per nucleus in response to 0.13 µM NCS. Human cells showed the highest percentage of cells with more than five 53BP1 foci ( Figure 1B and D) . At the opposite, both primary and immortalized 3T3 mouse cells exhibited the lowest foci response among the studied species; mouse and cow response were comparable only in the case of ETO treatment. To monitor cell survival under these conditions, we also measured metabolic activity as the capacity to convert MTT to formazan (Figure 2 ). Low-dose treatments (5 µM ETO or 0.13 µM NCS) did not cause a significant reduction in MTT activity, whereas doses 10 times higher did.
Colocalization of 53BP1 With γ-H2AX
Because our previous data suggest that long-lived species have a better Ku70-Ku80 DNA-end biding capacity (10), we speculated that long-lived species could be more efficient in detecting and possibly repairing DNA DSBs. To prove that our treatments were able to elicit DSBs, we performed coimmunostaining experiments for 53BP1 and γ-H2AX. This colocalization is, in fact, an accepted marker of the presence of a DSB (21) . Supplementary Figure 3A shows that, with 5 μM ETO treatment, 53BP1 foci colocalize with γ-H2AX foci in the vast majority of cases, in both mouse primary and human cells. Between 1, 2, and 10 hours after the beginning of treatment, every hundred 53BP1 foci, more than 80 colocalized with γ-H2AX in both species (Supplementary Figure 3B) . Similar and higher levels of colocalization were also observed in experiments where unsynchronized human and 3T3 mouse cells were treated with NCS (for human cells, see Supplementary Figure 1E , data not shown for mouse 3T3 cells).
DNA Damage Induces Cell Cycle Arrest
Progression through the cell cycle was monitored by cytofluorimetric measurement of DNA content in mouse, dog, cow, and human cells (Supplementary Figure 4) . Cyclin A and Nek 4 expression was examined in species for which antibodies with conserved epitopes were available. These species included mouse, cow, little brown bat, and human (Supplementary Figure 5) . Cytofluorimetric analysis revealed a significant shift in the cell cycle profile in all four species tested. In treated cells, there was an increased percentage of cells in the S and G 2 phases of the cell cycle, especially G 2 in mouse and S in dog, cow, and human. Increased expression in cyclin A in all treated cells confirmed a larger proportion of cells in G 2 arrest. This was evident in all species, but especially pronounced in human and cow. In addition, the expression of Nek 4, a recently described regulator of both DNA-PK association with DNA damage and entry into senescence (22) , also increased following damage.
To better observe differences in the efficiency of cell cycle arrest following damage, we exposed mouse and human cells to 5 µM ETO and pulsed them with BrdU. Cells were analyzed for the percentage of cells synthesizing DNA (BrdU-positive nuclei) and the percentage that harbor BrdU-positive 53BP1 foci (BrdU staining only in damage foci) at time points from 14 to 72 hours after the beginning of damage. At 14 hours, human cell populations contained a lower percentage of cells synthesizing DNA compared with mouse cells, but a similar percentage of cells with BrdU foci. At 24 hours, the percentage of cells incorporating BrdU increased for both species, indicating progression through the cell cycle. Again, the human population had a lower percentage of cells incorporating BrdU, but a higher percentage of BrdU in foci, suggesting a more active repair (Supplementary Figure 6) .
DNA Fragility Across Species
We next evaluated DNA fragility after genotoxic stress. We performed comet assays under neutral conditions for the detection of DNA damage at the level of the individual cell. Comet tails obtained with 5 µM ETO and 0.13 µM NCS, the concentrations used in longterm experiments, were too short to measure significant differences (data not reported). For this reason, higher doses of ETO and NCS were used for comet assays. Figure 3 contains data from cells treated with 50 µM ETO and 1.35 µM NCS for 60 and 30 minutes, respectively. Genotoxic treatments resulted in DNA fragmentation and the appearance of comet tails. We calculated fold increase in the percentage of DNA in comet tails and in tail moments (measures obtained by multiplying tail length by percentage DNA in tail). After both treatments, we observed a significant increase in the percentage of tail DNA in all species. Although the results of the two measure of DNA damage (percent tail DNA and tail moment) did not overlap, cells from the mouse, the shortest-lived species in the panel, had significantly greater DNA fragmentation in all instances. The longestlived species (human) and the largest species (cow) exhibited the least amount of damage in the comet assay. Because DNA damage repair is activated within minutes of damage (23), we expect that fast repair mechanisms rather than chromatin structural strength are responsible for the observed differences among species.
Measuring Unresolved Damage
To assess the amount of unresolved damage in each species after genotoxic stress, we scored micronuclei formation 0, 24, 48, and 72 hours after the beginning of damage. Micronuclei originate from chromosome fragments or whole chromosomes that lag behind at anaphase (17) . We observed that shorter-lived species have a higher percentage of nuclei with ≥1 micronucleus. In particular, mouse, the shortest-lived species, showed the highest percentage of micronuclei at all time points both after 5 µM ETO and 0.13 µM NCS treatments ( Figure 4A and B, respectively). As a demonstration that micronuclei arise only in cycling cells, we also scored them in BrdU-positive cells ( Figure 4C) . The steady state level of the 53BP1 protein was also assessed following genotoxic stress. Independently from treatment time, whole lysates show a multiband pattern of 53BP1, suggesting the existence of different modifications of the protein (Supplementary Figure 7A) . Densitometric analysis of multiple experiments including all four visible bands is shown in Supplementary Figure 7B . It appears that protein levels do not change substantially during the 24 hours following the beginning of 5 µM ETO treatment (except for the 24-hour time point in dog cells). This suggests that 53BP1 is a constitutive protein. Mouse and dog cells have significantly lower level compared with human cells. More generally, the larger and/or longer-lived species (cow, bat, and human) appear to possess higher 53BP1 protein amounts although these differences are always below onefold.
53BP1 Foci Are Inversely Correlated With Micronuclei Abundance
Long-lasting foci are interpretable as DNA Segments of Chromatin Reinforcing Senescence (abbreviated in SCARS) as suggested by Rodier and colleagues (24) . In support of this interpretation, we have performed on human cells immunofluorescence experiments costaining for PML and for 53BP1. Supplementary Figure 8 shows that, even with the lowest concentration used, a significant increase in the percentage of PML nuclear body contiguous to 53BP1 foci is observable at 72 hours after the beginning of treatment.
To interpret the relationship between 53BP1 foci, micronuclei, and life span, we plotted the data for 53BP1 foci formation and micronuclei, with species longevity. We used data from the 72-hour time point following the beginning of NCS exposure because this treatment produces the highest number of long-lasting foci interpretable as SCARS. Micronuclei were inversely related to long-lasting foci (R 2 = .87; p = .021; Supplementary Figure 9A ). In addition, long-lasting foci were strongly and positively related with longevity (R 2 = .87; p = .020; Supplementary Figure 9B ), whereas micronuclei were negatively related (R 2 = .59), although this relationship did not reach significance in this data set (Supplementary Figure 9D) . Like maximum life span, body mass was also positively related with long-lasting foci (R 2 = .36; Supplementary Figure 9C ) and negatively related with micronuclei (R 2 = .35; Supplementary Figure 9E ), although neither association reached significance in this data set. These data suggest that both longevity and body mass are related to genome surveillance and stability but that longevity is more strongly related than body mass.
Discussion
The aim of the present study is to understand the biological significance of the appearance of a higher number of DNA damageinduced 53BP1 foci in human cells compared to mouse cells (9) . This initial finding was counterintuitive because a higher number of foci are generally interpreted as evidence of a greater amount of damage. However, using direct measurements of DNA damage such as the comet assay ( Figure 3 ) and micronuclei counts (Figure 4) , we report here that longevity and, to a lesser extent, adult body size are indeed associated with higher genomic stability. To explain this apparent contradiction between the direct measurement of DNA damage and 53BP1 foci count, we propose the following model graphically described in Figure 5 :
In mammals, DNA and associated proteins (histones) are chemically equivalent and similarly fragile when exposed to the same genotoxic damage. In a single species, 53BP1 foci abundance is proportional to the amount of damage. However, the difference observed in foci abundance between species is not due to different levels of damage but to different capacities to detect this damage. We suggest the possibility that foci represent a primary DNA damage response. Thus, within each species, a larger amount of damage correlates with an increase in the number of foci. However, when between-species comparisons are made, longer-lived or larger species produce more foci for a similar amount of DNA damage because they are more efficient in this primary DNA damage response. A potential downstream consequence of this difference is that long-lived or larger species may be more prone to activate cell cycle arrest and DNA repair, apoptosis, or senescence. The choice between these options will likely depend on the interactions between the level of damage and other cellular and extracellular conditions. The presence of 53BP1 foci was studied in a large investigation of skin-derived fibroblasts from 100 human donors aged 20-90 years. It was observed a positive correlation between donor age and 53BP1 foci and also a positive correlation between 53BP1 foci and micronuclei in support of the concept that, inside a single species, 53BP1 represents a marker of the endured DNA damage (25) . An additional hypothesis that can be proposed following the reasoning of our model is that inside a cell population challenged with a genotoxic stress, cells with the least 53BP1 foci response will be the one more prone to genotoxic damage. Our data on foci abundance in micronucleated cells and in cells showing irregular nuclear architectures do not support this second hypothesis suggesting that the failed cellular mechanism responsible for micronuclei production and for nuclear abnormalities is downstream from 53BP1 foci formation ( Supplementary Figures 1 and 2 ).
In support of our general model, we find that species with significant longevity (human and little brown bat) and species with a combination of moderate longevity and large adult body size (cow) demonstrate a higher level of early repair as measured by the comet assay. In addition, mouse, the species in our study in which short life span associates with small body mass, shows a significantly higher level of micronuclei compared with all other longer-lived or larger species. Concerning 53BP1 foci abundance, mouse cells and to a lesser extent cow cells produce fewer foci after damage compared with the other species. Little brown bat and human, the two species with the longest life span, show the highest level of foci both at shorter time points (see 5 µM ETO treatment) and at longer time points (see 0.13 µM NCS treatment).
Rodier and colleagues have suggested to consider persistent foci (ie, foci that have not resolved in 24 hours) as DNA SCARS (24) . Our data on PML contiguity with 53BP1 in human cells supports this proposal. DNA damage-induced cellular senescence and apoptosis, in association with more proficient cell cycle checkpoints, could be effective ways to guarantee tissue's genomic stability when multiple cellular divisions are required to provide sufficient tissue turnover during a long life span or attain a large body size (eg, see ref. (26)). More data are needed to investigate these not-mutually exclusive possibilities.
In this study, both primary and immortalized mouse cells have been used. Immortalization may have an impact on cell cycle time and checkpoint efficiency. The present work, however, in conjunction with our previous data where a comparison between primary mouse and human fibroblasts in their response to NCS was performed (9), shows that immortalization does not alter significantly the 53BP1 foci and micronuclei response to genotoxic damage, at least in mouse. Similarly, not relevant differences were observed comparing primary cells from adult or embryo origin (data were available only for human and mouse). These data are in line with our previous observations on DNA-end binding that show similar high levels of this activity for primary human fibroblasts (embryo or adult derived) and HeLa cells (10) . The invariability of these cellular responses with the developmental stages of the tissue of origin and with immortalization suggests that they represent fundamental biological characteristic of a species.
Although our investigation includes a small number of species, we have chosen a set of species with a wide range in maximum life span and adult body mass in an attempt to dissociate the potential effects of these two parameters on genome stability. Species longevity and body mass are known to correlate with each other (27) , and it is reasonable to expect that they both correlate positively with genome stability. The common mammalian ancestor was small sized and probably short lived (ref. (28) and references therein). It is reasonable to suggest that a variety of mechanisms have evolved to ensure the genomic stability required for larger body size and longer life span. Some of these mechanisms will be important especially for long-lived species, whereas others will be important especially for species with large bodies (eg, see ref. (29)); moreover, some will be common to several (or perhaps all) species, whereas others will be unique to particular orders, families, or species. We believe, interpreting the present study in the context of our previous observation on DNA-end binding (10) , that improving DNA damage detection could be an evolutionarily recurrent mechanism to provide the increased genomic stability required in long-lived and large species to prevent, respectively, earlylife tissue dysfunctions and tumor development. The relevance of this observation goes beyond the aging field because scientists studying DNA repair pathways commonly use cells lines derived from multiple species. In addition, DNA damage foci are already studied at the clinical level as potential markers for radiosensitivity of tumors (30) and of patients' normal tissues (31) . Clinicians, therefore, will have to interpret correctly the data obtained by researcher using different species to design the most adapted therapy for humans.
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